Abstract. Resurgent calderas represent a target with high potential for geothermal exploration, as they are associated with 10 the shallow emplacement of magma, resulting in a widespread and long lasting hydrothermal activity. Therefore,
estimation of the location, depth and geometry of the magmatic sources is crucial to define the possible geothermal and 39 mineral potential of resurgent calderas, allowing an economically sustainable exploration and exploitation of their resulted 40 natural resources.
41
On this regard, the intrusion of magma at different crustal depths has been proposed as the driving mechanism for 42 resurgence in many calderas worldwide (Linsday et al., 2001; Metrich et al., 2011; Kennedy et al., 2012 Kennedy et al., , 2016 Lipman 43 et al., 2015; Brothelande et al., 2016) . These natural cases may show different uplift styles (resurgent blocks or domes,
44
Acocella et al., 2001) and rates (from mm to cm per year), depending on the depth, volume and size of the magmatic 45 sources, but they share a common feature that is a coherent uplift of a significant part of the caldera floor.
46
This scenario is different from the occurrence of deformation patterns characterized by the widespread and delocalized 47 uplift of several minor portions of the caldera floor, as due to lava domes and/or cryptodomes, as for example observed 48 at Usu volcano (Japan, Matsumoto and Nakagawa, 2010; Tomya et al., 2010) . A different depth and extent of the 49 responsible source(s) and, consequently, a different subsurface structure of the volcano is therefore suggested. A better 50 assessment of the subsurface structure in such cases has crucial implications for geothermal exploration, in order to 51 maximize the geothermal production.
52
In this regard, the Los Humeros Volcanic Complex (LHVC, Mexico) is an important geothermal target area, consisting 53 of two nested calderas with resurgence within the innermost one (Los Potreros caldera), commonly interpreted as due to 54 the uplift of a resurgence due to the inflation of a deep (several km) magma chamber (Fig. 1a , Norini et al., 2015) .
55
The purpose of this work is to evaluate the depth to the intrusion(s) responsible for the uplift, also explaining the spatio-56 temporal evolution of the observed deformation of the caldera floor. To achieve this goal, we integrate results from 57 structural field investigations carried out within the Los Potreros caldera with those derived from analogue experiments 58 specifically designed to constrain the depth of the deformation source(s) in volcanic caldera environments. Results
59
document discontinuous and small-scale (< 1 km) surface deformations generated from multiple and shallow (< 1 km) 60 magmatic bodies. These results should be taken into account for planning the future geothermal operations at the LHVC 61 and in other calderas showing similar surface deformation.
62
2 Geological-structural setting
63
LHVC is located at the eastern termination of the Trans Mexican Volcanic Belt (TMVB, see inset in Fig. 1a) . The TMVB 64 is the largest Neogene volcanic arc in Mexico (~1000 km long and up to ~300 km wide), resulting from the Cenozoic configuration of the magmatic plumbing system characterized by a unique, large and homogenized magma reservoir as 79 inferred for the Los Humeros activity during the Caldera Stage (e.g. Ferriz and Mohood, 1984; Verma, 1985) in favour of 80 a heterogeneous multi-layered system vertically distributed in the whole crust, with a deep (ca. 30 km) basaltic reservoir 81 feeding progressively shallower and smaller distinct stagnation layers, pockets and batches up to very shallow conditions 82 (1kbar, ca. 3km) (Lucci et al., under review) .
83
In particular, during the early resurgent phase of the Post-Caldera stage, rhyolitic domes were emplaced along the northern 84 rim of the Los Humeros caldera, followed by the emplacement of less evolved lavas of trachyandesitic-trachytic 85 composition (Carrasco-Núñez et al., 2017b) . The Holocene ring-fracture and bimodal magmatism is characterized by both 86 explosive and effusive activity, producing several lava flows and domes, as well as periods of dominant explosive activity
87
(e.g. the ca. 7 ka Cuicuiltic Member, Dávila-Harris and Carrasco-Núñez, 2014) from multiple vents located mostly along 88 both the inner and outer caldera ring faults. During this phase, less evolved lavas were erupted (from trachyandesite to 89 basalt) within and outside Los Humeros caldera, one of them corresponds to an olivine-bearing basaltic lava associated 90 with the formation of the Xalapasco crater (Fig. 1a) . Trachytic lava flows are the most recent activity recorded by LHVC 91 at ca. 2.8 ky (Carrasco-Núñez et al., 2017b) .
92
The reconstruction of the shallow stratigraphy in Los Potreros is chiefly derived from the information derived from the 
122
Moreover, four major earthquakes (Mw= 3.2, 3.6, 3.9 and 4.2, at a depth of 1, 4, 2.2 and 1.8 km, respectively) have been 
Methods

127
The scientific rationale adopted in this study is based on structural field work, combined with analogue models aimed to 128 constrain the depth of the deformation sources in the caldera domain. Table 1 .
149
At the end of each experiment, the surface has been covered with sand to preserve their final topography and were wet 150 with water for cutting in sections to appreciate the subsurface deformation. Such sections were used to measure the mean 151 dip of the graben faults (θ) induced by the rising silicone. A digital camera monitored the top view deformation of each 152 experiment at 0.02 fps and a laser scanner, placed next to the camera, provided high-resolution data (maximum error ± 153 0.5 mm) of the vertical displacement that was used to measure in detail the geometrical features of the deformation i.e.
154
dome diameter (Ld), graben width (Lg) and dome flank mean dip (α). According to the Buckingham-Π theorem (Merle
155
and Borgia 1996 and references therein), our models need 7 independent dimensionless numbers to be properly scaled , respectively), they are both largely <1, indicating that the ratio is a negligible value in both cases.
159
4 Results
160
Local geology and structural data 161
The outcropping post-caldera lithologies within the Los Potreros Caldera consist of: (1) 
168
We identified three uplifted areas corresponding to the surface expression of the Loma Blanca, Arroyo Grande and Los
169
Humeros faults (labelled 1-2, 9 and 10 respectively in Fig. 3 ). The observed structures in these uplifted areas (joints and 170 faults) affect the deposits of the post-caldera phase. Based on field evidence, we also propose a revised interpretation of 171 the surface structures identified by previous studies (Norini et al., 2015) distinguishing between lineaments
172
(morphological linear scarps which are not associated with significant deformation and alteration at the outcrop scale),
173
active and inactive faults, associated with active and fossile alteration respectively (Fig. 3) .
174
We present below a description of the structures mapped in the studied area, highlighting their temporal and spatial
175
relationships with the post-caldera geological formations. We identified two inactive faults (Maztaloya and Arroyo
176
Grande), a morphological lineament (Las Papas) and two currently active faults (Los Humeros and Loma Blanca). The 177 data number at each location is hereafter indicated with "n". 
Arroyo Grande (LH-09) and Maztaloya
185
The NE-SW Arroyo Grande scarp (Fig.5a ) exposed strongly altered and faulted (NW striking faults, mean attitude 186 N144°/68°, n = 8) lavas and ignimbrites unconformably covered by the unaltered Cuicuiltic Member (Fig.5b) . The throw 
Experimental results
213
Here we show two representative experiments with increasing overburden thickness (experiments 5 and 6 with T= 30 and 214 50 mm respectively). Table 3 shows the measured parameters in the experiments.
215
Overall, the experiments show a similar deformation pattern: a first stage characterized by the uplift of a sub-circular 216 dome, bordered by inward dipping reverse faults, and a second stage characterized by the subsidence of the apical part of 217 the dome where normal faulting occurs (graben formation Fig. 6a-f) . The reverse and normal faults are ring faults and are 218 associated with the formation of radial fractures from the dome centre.
219
Despite the T/D ratio, all the experiments show that both the dome diameter and graben width increase linearly with the 220 overburden thickness (ranging from 105 to 164 mm and from 14 to 58 mm respectively, Table 3 , fig.7 ).
221
The dome diameter increases abruptly with time, becoming almost constant at an early stage of the experiment (fig.8a) ; 
235
All these observations suggest that Los Potreros is not a classic resurgent caldera (i.e. a caldera characterised by a large-
236
scale process localized in a single area) but is rather characterised by a discontinuous uplifting process in space and time,
237
inducing small-scale deformations at each pulse ( Fig. 9a-d ). In particular, it was active in the south and north-eastern 238 sector of the caldera, at Maztaloya and Arroyo Grande (Fig. 9a) 
252
Potreros suggests that they may be more likely of volcano-tectonic origin due to shallow magma emplacement.
253
In order to further support the above inferences derived from interpretation of the field observations, analogue models 254 were used to constrain the magma source depth from the geometrical parameters measured in the experiments (Lg, θ, α, 255 Table 3 ).
256
Since our results confirm that the graben width shows a linear correlation with the source depth ( fig. 7) as estimated in
257
(Brothelande and Merle, 2015), we calculated the theoretical overburden thickness (i.e. the intrusion depth, Tt, Table 3 wells (spanning from 300 to 1700 m, Fig. 1b-c ) and is consistent with the hypothesis that the uplift is driven by small and 267 delocalized magmatic intrusions, as suggested by the field data.
268
Even if such rhyolites-dacites have been previously interpreted of subaerial origin (Carrasco-Núñez et al., 2017a), we 269 suggest that such lavas can be reinterpreted as intrusion of felsic cryptodomes based on the following considerations: i)
270
the occurrence of rhyolite-dacite lava bodies within the thick pre-caldera old andesite sequence is unusual and does not 271 have a subaerial counterpart; ii) the intracaldera ignimbrite sequence does not level out the paleotopography; in facts the 272 "topographic high" formed by the rhyolite body in well H-20 (Fig. 1c) persists during the post-caldera emplacement 273 controlling the reduced thickness of lavas of the post caldera stage at that locality; iii) The high depth variation of the top 274 of the Xaltipan ignimbrite not associated with an equal variation of the pre caldera andesite (Fig. 1b) highlighting a local
275
and discontinuous deformation and uplifting of the Xaltipan ignimbrite. These evidences can be more easily reconciled
276
with the intrusion of felsic cryptodomes within the volcanic sequence, respect to a regular layer cake stratigraphy.
277
Summarizing, the combination of field and modelling data support that the uplift in Los Potreros is due to multiple 278 deformation sources in narrow areas that do not represent a resurgence sensu stricto. Such delocalized recent deformation
279
within Los Potreros caldera appears to be linked to small magmatic intrusions located at relatively shallow depths (i.e. < 280 1 km) as in Loma Blanca, where the estimated intrusion depth calculated from the experimental data is 425 ± 170 m.
281
Such model is slightly different from the general accepted idea of resurgence in Los Potreros induced by the inflation of 282 a saucer or cup shaped deep magmatic intrusion (Norini et al., 2015) . The resurgence is inferred to be centred beneath the 283 sector of the caldera traversed by the E-W lineaments and delimited by the Maztaloya and Arroyo Grande faults (sector 284 S1 in Norini et al., 2015) . The thermal anomalies identified by (Norini et al., 2015) show that the temperatures are chamber of the LHVC, inferred to be at 5 to 7-8 km of depth (Verma, 1983 (Verma, , 2000 (Verma, , 2011 and extending 9 km in radius 289 and 6 km in length (thus coinciding with the Los Humeros caldera rim, Verma et al., 1990) , should have resulted in a 290 much wider uplift and with higher magnitude than the one observed in the field. Indeed, resurgence resulting from magma 291 remobilization of the deep chamber that produced the collapse is characterized by a larger-scale surface deformation
292
(thousands of meters of uplift extending for tens of kilometers on the surface) as shown in many large calderas worldwide (Toba, de Silva et al., 2015; Cerro Galan, Folkes et al., 2011; Ischia, Carlino, 2012) .
293
294
It is therefore unlikely that the replenishment of new magma in the caldera forming deep magma chamber accounts for 295 the magnitude (few tens of meters) and discontinuous spatial distribution of the deformation in Los Potreros.
296
Such model of the recent uplifting in Los Potreros is also supported by field-based petrographic-mineralogical analysis
297
showing that the present-day magmatic plumbing system is characterized by multiple magma levels spanning from a deep 
